The production of hydrogen in a fixed bed reactor at a maximum pressure of 50 bar by oxidising an oxygen carrier (Fe 2 O 3 /Al 2 O 3 /CeO 2 ) with 0.06 g min À1 of steam at 1023 K is discussed. Reductions were performed with synthesis gas at ambient pressure and 1023 K for 90 minutes. The influences of the elevated system pressure on the carbon contamination, the quantification of the contaminations in the produced hydrogen and the oxygen carrier conversion are analysed. The results show that small amounts of carbon depositions are formed during the reduction, which are re-oxidised with steam leading to the contamination of the hydrogen. The hydrogen purity obtained in the experiments is within the range of 99.958% to 99.999% with CO as the main impurity. The amount of contaminations as a result of the oxidation of the solid carbon is not influenced by the elevated system pressure, which confirms the suitability of the reformer steam-iron process in a fixed bed to produce pressurised hydrogen directly from a hydrocarbon feed. The oxygen carrier conversion displays an initial drop followed by a slightly linear decrease. Air-oxidations revealed a regeneration effect on the oxygen carrier conversion, which reversed a part of the conversion losses.
Introduction
The recent scientic reports on global warming and on the possible impacts on nature and humanity urge us to react decisively. Anthropogenic CO 2 emissions were specied as one of the main sources for climate changes.
1,2 Hydrogen, used as fuel, can be a big contribution to the reduction of greenhouse gas emissions. However, hydrogen is a secondary energy carrier, which means it has to be produced out of other primary energy sources. Thus, hydrogen can only be considered environmentfriendly if its energy resource and the whole conversion process do not inherit an undesirable carbon dioxide balance. Today more than 96% of the hydrogen is produced out of fossil fuels. 3 The steam reforming of hydrocarbons is currently the most common application because of its reliable technology, its low production costs and the low cost resources. 4, 5 The steam reforming is usually followed by a 2-step water-gas-shi process and nal CO clean-up. 6 The whole reforming and purication process is very efficient in large scale plants under stable operation conditions. 7 Thus, hydrogen is nowadays produced in centralised plants transported over long distances by trucks and stored on-site in huge quantities. 8 This distribution and storage logistic signicantly contributes to the production costs of hydrogen.
9
As an alternative, decentralised small-scale chemical looping water splitting (CLWS), a modication of chemical looping combustion (CLC), is a very promising technology to produce pure hydrogen by cyclic operation. The technology separates the reduction reactions with carbonaceous components from the oxidation with steam, which yields very pure hydrogen.
At Graz University of Technology the reformer sponge iron cycle (RESC) was introduced, 10, 11 followed by an extensive evaluation of the thermodynamic potential of the process and test series for component development. 12, 13 Finally, this led to the development of the reformer steam-iron process, which offers the perspective of a decentralised on-demand hydrogen production out of emission-free hydrocarbon feedstocks (e.g. biogas). This technology addresses both described issues by:
-The production of environment-friendly hydrogen utilising renewable hydrocarbons to reduce the global CO 2 emissions.
-Decentralised production logistics to reduce hydrogen transport and storage demand.
The reformer steam-iron process combines the conventional steam reforming (eqn (1)) with the steam-iron process (eqn (2)- (5)). Both processes are performed in xed beds, which are mutually placed inside one tubular reactor (Fig. 1) . A hydrocarbon feedstock is converted by heterogeneous catalysis in the reforming bed to a hydrogen-rich synthesis gas (eqn (1) ). The syngas is directly used to reduce the iron-based oxygen carrier (eqn (2)- (4)). The reduction reaction reduces iron oxide (hematite Fe 2 O 3 or magnetite Fe 3 O 4 ) to a more reduced state (wustite FeO or iron Fe). In the subsequent process step steam re-oxidises the oxygen carrier by releasing hydrogen (eqn (5)). The oxidation with steam can only oxidise iron to magnetite (Fe 3 O 4 ), which means that all reaction cycles aer the rst are performed between magnetite and iron/wustite (eqn (3) and (4)). The oxidation with air or oxygen leads to the formation of the initial state (hematite) of the oxygen carrier (eqn (6)).
In previous publications our group discussed the optimisation of the reformer steam-iron process by performing the oxidation at elevated pressure to produce pressurised hydrogen directly without additional gas compression, which signi-cantly raises the efficiency of decentralised hydrogen production logistics.
14,15 Thermodynamic simulations showed that the steam reforming and reduction on the other hand must be performed at ambient pressure to achieve a high conversion of the reducing agents.
16
The effects of an increased system pressure in a CLC system have been investigated by several other work groups.
17-21
However their work primarily focused on the reduction behaviour or the whole cycle under pressure and the oxidation was performed with air/oxygen. Regarding the pressure behaviour of oxygen carrier in cyclic redox systems two conicting insights can be found in the literature. Several publications report a negative inuence of an elevated pressure during redox reactions of different types of oxygen carrier. 18, [22] [23] [24] Reduced reaction rates were measured, which resulted in extended kinetically controlled regimes. Hence the reaction time is increased. The impact of pressure on the internal structure of the oxygen carrier is a probable explanation. A higher risk of solid carbon formation by a pressure elevation was also reported. 23 On the other hand some work [19] [20] [21] suggests positive effects off higher system pressures by increasing the carbon conversion indicated by a higher outlet-CO 2 concentration. Thus a lower reduction degree of the oxygen carrier is achieved. The improved reduction was observed from 0.1 to 0.5 MPa, while at higher pressure levels a worsening became apparent. The usual operation procedure in chemical looping systems maintains the pressurised condition during the complete cycle (reduction and oxidation), whereas the reformer-steam iron process benets from the reduction under atmospheric conditions and the oxidation under elevated system pressure. Thus the literature survey shows an incomplete knowledge of the pressure inu-ences on chemical looping hydrogen systems.
In our most recent work we explained the feasibility of the pressurised oxidation at 22 bar without any negative impact on the conversion efficiency of the reduction and oxidation reactions and on the mechanical stability of the oxygen carrier, with hydrogen as the only reducing component.
25
The present work focuses on the reduction of an iron based oxygen carrier with a synthesis gas at ambient pressure, followed by an oxidation at different elevated pressures of up to 50 bar. The aim of this work is to study (i) inuences of an increased system pressure on the hydrogen purity regarding carbon contamination, (ii) the characterisation and quanti-cation of the contaminations, (iii) the analysis of the oxygen carrier conversion regarding efficiency and stability and (iv) the verication of the feasibility of the process at elevated oxidation up to 50 bar. To the best of our knowledge this was not investigated by other groups before and is expected to further enhance the applicability of the reformer-steam iron process for commercialised decentralised hydrogen production.
(1) 
Experimental a. Pressure test equipment and operation procedures
The cyclic experiments were performed in a modied test rig for catalytic analysis (Fig. 2) . The main component is a xed bed tubular reactor (alloy 617, OD 25 mm, ID 15.26 mm, length 350 mm), which can withstand a maximum pressure of 100 bar at temperatures of up to 1123 K. The reactor is lled with the pelletised oxygen carrier. A thermocouple is placed inside the oxygen carrier bed. Both reactor ends were lled with inert materials to preheat the reaction gases and to prevent movement inside the reactor. The steam-carrying parts of the system were heated with heating-cords to 573 K to prevent steam condensation at higher system pressure. At the system outlet, steam is removed with a peltier-cooler by condensation. The reaction gases leave the system through 2 MFCs (mass ow controller) in serial connection. In the oxidation pressure experiments the rst MFC was used as a throttle valve to close the system or to limit the outlet gas ow. The produced hydrogen leaves the rst MFC at an atmospheric pressure and the gas ow is analysed in the second MFC, which is fully opened. This guaranteed stable and reproducible pressure Fig. 1 The reformer steam-iron process schematic with a reduction at atmospheric pressure and methane as fuel and a subsequent oxidation at elevated pressure in a fixed bed reactor.
conditions independently of the actual system pressure, which was a critical requirement to analyse the hydrogen ow with a MFC. The hydrogen purity is subsequently analysed with a gas-chromatograph (MicroGC 3000 Incon) at the system outlet. During the reduction experiments both MFCs were fully opened. The changing gas composition during the reduction was analysed by the MicroGC at the system outlet. The MicroGC is equipped with a molecular Sieve 5A and a PoraPLOT U and 2 thermal conductivity detectors. During the reduction and airoxidation an analysis method to identify components (H 2 , CO, CO 2 and O 2 ) in the % range was used. The hydrogen impurities CO and CO 2 during the oxidation experiments were analysed with a high sensitive detection method in the ppm concentration range, while H 2 was analysed separately using the MFC2. Reduction reactions were performed at 1023 K using a gas mixture of H 2 , CO, CO 2 (He was added as an external standard). The reductions were performed for 90 respectively 210 minutes. Each reduction was concluded by a nitrogen purge step with 150 ml min À1 for 30 minutes respectively several hours including a cooling down phase. Each reduction was followed by an oxidation at elevated pressure (or at ambient pressure as reference) by introducing 0.06 g min À1 of water for approximately 60 minutes with a HPLC pump. The water was evaporated in the heated tubes before entering the reactor. Each cyclic experiment with a reduction length of 210 minutes was concluded by an air oxidation to completely remove solid carbon from the oxygen carrier.
b. Oxygen carrier samples
An oxygen carrier sample with a composition of 90 wt% Fe 2 O 3 , 5 wt% Al 2 O 3 and 5 wt% CeO 2 was prepared by a continuous coprecipitation based on the method of Kidambi et al. 26 Particles with a grain diameter of 90-125 mm were calcinated at 1173 K for 3 hours. 7.00 g were used in the cyclic experiments. CeO 2 was added to the oxygen carrier unlike to samples used in our previous work 16, 25 because of its positive effects on the activity and stability in a synthesis gas atmosphere.
27
Elemental analysis was performed aer a microwaveassisted pressurised acid digestion by inductively coupled plasma atomic emission spectroscopy ICP-OES (Spectro Arcos SOP).
The surface of the oxygen carrier was analysed by scanning electron microscopy SEM (Zeiss Ultra 55, acceleration voltage 15 kV). Images of the fresh oxygen carrier and aer the experimental test series were taken.
X-ray powder diffraction data were obtained on a Bruker AXS D8 Advance powder diffractometer in Bragg-Brentano geometry with LynxEye Detector, operated at 40 kV and 40 mA, using Cu Ka radiation (l ¼ 1.54178 A). Diffraction angles were measured from 2q, having a step size of 0.025 2q, 5 s per step.
Results and discussion

a. Composition analysis of the fresh oxygen carrier sample
The elemental analysis results of the used sample and the calculated share of the metal oxides (under the assumption of completely oxidised state) are presented in Table 1 .
b. Reduction reactions with synthesis gas
The reductions of the oxygen carrier were performed at 1023 K with a dry synthesis gas mixture of H 2 54.5 vol%, CO 34.0 vol% and CO 2 11.5 vol% and a total gas ow of 90 ml min À1 . The reduction was executed for 90 minutes followed by a 30 minutes sweeping phase with nitrogen (150 ml min À1 ) and a steamoxidation (0.06 g min À1 of water) at elevated pressure.
The changes of gas ow characteristics with increasing cycle numbers are presented in Fig. 3 (le) . Two noticeable reductions stages are visible within each cycle. Between minutes 20-40 the reduction of magnetite to wustite and between minutes 70-90 the reduction of wustite to iron take place. [28] [29] [30] The two quasi stable stages are separated by a transition phase at around minute 60.
At the end, the reduction of wustite to iron is happening with a low conversion of the synthesis gases. The parallel occurring water gas shi reaction dominates and denes the outlet gas composition, which is in good accordance with equilibrium calculations from HSC Chemistry at this stage of the process. The reductions were manually stopped aer 90 minutes to guarantee reproducible conditions for each of the consecutive oxidations and to investigate the decrease of the oxygen carrier conversion. The shiing of the transition phases to an earlier reaction time (hydrogen ow from minute 60 to minute 50) indicates the degradation of the oxygen carrier and a loss of reactive surface. 31 The reaction temperature of 1023 K leads to sintering of the solid, which reduces the porosity and the active volume of the pellets. Consequently, less magnetite is able to react with the synthesis gas. 31 Another explanation for the degradation of the contact mass is the formation and accumulation of FeAl 2 O 4 . Studies have reported that FeAl 2 O 4 is formed in the presence of Al 2 O 3 if the iron based oxygen carrier is reduced beyond Fe 3 O 4 , which lowers the hydrogen yield, thus leading to a decreased oxygen carrier conversion. 26, 32 The third possible explanation is the formation of carbon on the oxygen carrier, which is not fully removed by the steam oxidations. This leads to accumulation of carbon and plating of the iron surface. 33, 34 The oxygen carrier conversion (Fig. 3 right) , which expresses the exchanged oxygen atoms within the solid, shows a strong drop within the rst two reductions and a slow linear decrease aerwards. Aer the rst 11 cycles, a different test series (discussed in 3.d.), which included longer reductions and full oxidations to hematite with oxygen were executed. The reductions performed aer that (number 27 to 31) display a slightly higher conversion than expected following the linear decrease within the rst reduction set. This indicates a regeneration effect of the oxygen carrier by the complete air oxidations. This effect has also been reported by previous studies. 16, 35 c. Pressurised oxidations -hydrogen purity Aer each reduction an oxidation at elevated pressure (oxidation at ambient pressure as reference) was performed. The hydrogen ow was measured with a thermal mass ow controller (MFC 2 in Fig. 2 ). The hydrogen purity was analysed with a gas chromatograph directly behind the system outlet.
The two detected impurities were carbon monoxide and carbon dioxide. The hydrogen purity at different pressure levels (0-50 bar) and potential correlations were analysed. Fig. 4 shows the pressure prole and the gas ow adjustment of two representative pressurised oxidations.
The oxidation starts with the pressure build-up by pumping water into the system. At this stage the system outlet is completely closed by the MFC 1. This leads to a linear pressure rise in the system. The steam oxidises the oxygen carrier in the reactor at a temperature of 1023 K by releasing hydrogen. At higher pressure levels the pressure rise slowly decreases, due to the oxygen carrier reaching the fully oxidised state. Unreacted steam is condensed at the system outlet in the peltier-cooler. Aer the system has reached the predened pressure the MFC 1 is opened. The amount of produced hydrogen is analysed by the gas ow measured with the MFC 2.
The hydrogen purity measured at the different pressure levels and the amount of carbon monoxide and carbon dioxide are presented in Table 2 . The hydrogen purity was within the range of 99.958-99.999% with a total amount of carbon monoxide in the range of 10-245 ppmv. 35 The carbon monoxide characteristic of each oxidation shows a strong peak in the rst part of the hydrogen ow measurement of several hundred ppmv and a decrease within 20 minutes below the detection limit of the gas chromatograph (approximately 20 ppmv). The highest initial CO concentration measured was 1633 ppmv (oxidation 4), the lowest 176 ppmv (oxidation 3). The experimental results clearly indicate that the carbon monoxide is immediately produced at the beginning of the oxidation with steam reaching the reactor and cracking solid carbon structures 36 following eqn (7). This behaviour was also reported by C. R. Müller et al. during the steam oxidation in a xed bed reactor under ambient pressure and similar experimental setup. They used a CO/CO 2 gas mixture produced by coal gasication for the reduction of the oxygen carrier and the capturing of CO 2 .
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The carbon dioxide concentration shows a similar behaviour to CO. At the rst couple of minutes of the hydrogen ow measurement a higher CO 2 concentration is detected, followed by a decrease, which is probably the result of the water gas shi reaction (WGS) (eqn (8) ). The initial CO 2 concentration is signicantly lower than expected from thermodynamic Table 2 .
calculations. A possible explanation is that the high amount of hydrogen, due to high conversion of steam in the presence of Fe, and the high reaction temperatures favour the le side of the WGS equilibrium, thus a high CO/CO 2 ratio.
The carbon dioxide concentrations contain an additional irregularity. Oxidations with higher concentrations and lower concentrations of CO 2 are alternating in the test series (oxidations 1-11). An explanation for this is the duration of the sweeping phase between the reduction and oxidation with nitrogen. The oxidations (1, 3, 5, 7, 10 and 11) with a CO 2 concentration below 20 ppmv were performed aer a sweeping phase of several hours over night including a cooling down phase and a heating up phase of the test rig. The results suggest that a signicant part of the carbon dioxide is entrapped inside the micro pores of the oxygen carrier particles. The extended purge phase with nitrogen and possibly structural changes in the oxidation carrier by the cooling down phase completely remove CO 2 residues, thus decrease the overall CO 2 concentration.
Analysing the hydrogen purity in Fig. 5 , symbol -, shows no correlation between the system pressure and the hydrogen purity. This is comprehensible because most of the carbon monoxide is produced in the initial stage of the oxidation where the pressure build up takes place and these conditions are similar in all cycles. This CO oxidation behaviour was also found in the experiments at ambient pressure (oxidations 29, 31), which were executed with a minor pressure build-up phase during the oxidation. Thus, the test clearly revealed that the steam-iron process is suitable to produce pressurised hydrogen out of reducing gas containing carbonaceous products. The increased system pressure shows no impact on purity of the produced hydrogen.
d. Experiments with increased carbon deposition
In order to further investigate the behaviour of carbonaceous contaminations at an increased system pressure, the reduction time was extended to precipitate a specic amount of solid carbon on the oxygen carrier. The reductions were performed for 210 minutes with the same reducing gas mixture as before followed by a 30 minutes sweeping phase with nitrogen (150 ml ). The carbon mass balance of the reductions reaction revealed the deposition of 4-10 mmol of solid carbon in each reduction. The consecutive oxidations with steam were performed at different pressure levels (50, 40, 30 bars and ambient pressure) under identical conditions as in the prior test series. Each steam oxidation was followed by an air oxidation at ambient pressure (100 ml min À1 for 45-60 minutes) to completely remove any solid carbon still le on the oxygen carrier and fully oxidize the oxygen carrier to hematite. A representative reduction is shown in Fig. 6 (le) . The experiment starts with a full conversion of CO and H 2 (minute 7) by the reduction of hematite to magnetite. Two additional steps are recognizable aer that, which represent the magnetite to wustite and wustite to iron conversion.
Two representative oxidations are shown in Fig. 7 and the results of the oxidations are presented in Table 2 (oxidations [16] [17] [18] [19] [20] . It is noteworthy that the rst carbon monoxide peak is signicantly higher but displays a similar shape to the prior test series. Aer an initial decrease the carbon monoxide concentration remains at a steady level of 40-50 ppmv. The initial CO concentration and the overall CO amount are about 5 to 10 times higher compared to the previous tests due to the longer reductions. The CO 2 amount on the other hand is comparable to experiments with a shorter reduction time. The overall carbon monoxide content was in the range of 300 to 500 ppmv and the overall CO 2 content between 80 and 110 ppmv, with a hydrogen purity between 99.94 and 99.96% (Table 2) . The experiments revealed that only small amounts of the deposited carbon, approximately 5%, are re-oxidised with steam. Teixeira et al. reported a similar carbon oxidation behaviour. They suggest that at the beginning carbon structures are cracked until the iron can be oxidised by steam. The more stable graphitised carbon structures are then gradually oxidised. In their experiments the complete removal of carbon with steam was completed aer 44 h. 37 The remaining carbon aer the steam oxidation serves as a substrate for new carbon deposition 36 in the consecutive cycles, which eventually leads to accumulation of solid carbon and decreasing hydrogen purity with each cycling experiment unless an air-oxidation is performed in each cycle. This effect was not observed in the rst set of experiments (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . A possible explanation is that the effect of accumulating carbon 38, 39 and its impact on the carbon monoxide amount were too subtle to be recognised in this test setup during the oxidation. The oxygen carrier conversion (Fig. 3 right) during the reduction reaction on the other hand might indicate some negative effect of solid carbon building up on the surface. It is possible that the slight decrease of oxygen carrier conversion from reduction 3 to 11 is related to carbon occupying the surface and blocking pores and thus inhibiting the reduction gases from reducing the oxygen carrier. 34 Therefore, the complete air oxidations and the total removal of any solid carbon residue could explain the regeneration effect of the oxygen carrier conversion of cycles 27 to 31, mentioned in Section (3.b.).
The result of a representative air oxidation is shown in Fig. 6  (right) . Three distinctive parts are noticeable. Aer the gas stream is switched from bypass to the reactor the oxygen ow immediately drops to 0 and a carbon dioxide peak becomes visible. This clearly indicates that solid carbon, which was not oxidised during the steam oxidation, is now removed from the oxygen carrier. 35, 40 The carbon dioxide ow decreases again (minute [27] [28] [29] [30] [31] [32] . At this point of the experiment it is likely that the reaction from magnetite to hematite exclusively takes place (eqn (6)). Aer minute 35 another carbon dioxide peak becomes visible, which indicates the oxidation of a different type or source of solid carbon deposition. The most likely explanation is that the rst CO 2 peak is the product of carbon oxidation located in the reactor inlet. At this part of the reactor the oxygen carrier was completely reduced to Fe, which is known for catalysing carbon deposition. This reaction takes place concurrently with the oxidation of magnetite to hematite. The second peak is measured aer the breakthrough of the oxygen at the reactor. This indicates that the oxygen carrier conversion is completed and that another carbon deposit is located at the end of the xed bed or in the inert section of the reactor outlet.
e. Post-experimental sample analysis with scanning electron microscopy and XRD diffraction analysis Samples of the fully reduced oxygen carrier (procedure described as in 3.4) were taken and analysed by scanning Table 2 .
electron microscopy (Fig. 8) and X-ray powder diffraction analysis (Fig. 9) for further investigation. Image (8a) shows the fully reduced oxygen carrier. The sample displayed in image (8b) was re-oxidized with steam at ambient pressure in a thermogravimetric analysis system and sample (8c) was fully re-oxidized in a muffle furnace at ambient pressure in air. Image (8d) shows the fresh and fully oxidized oxygen carrier as a reference. The comparison of images (8a-c) with (8d) reveals that the oxygen carrier retained its porosity and structural integrity over the whole experiment of pressurized cycling. In all samples with different 3 oxidations stages small dense zones with less porosity are visible, which are related to thermal sintering and a source for the reduced oxygen carrier conversion. 41 Interestingly, samples (a) and (b) did not reveal any signs of solid carbon, although the analysis of the mass balance of the cyclic experiments strongly indicated that a signicant amount of carbon is deposited during the reduction. Two possible explanations are conceivable. (i) The oxygen carrier is covered by the solid carbon in a thin layer, which cannot be detected by scanning electron microscopy. Other more noticeable forms of solid carbon, (laments, plates, nanotubes) which are reported by other groups 36, 42 were not formed during the reduction reaction, thus not identied on any of the analysed samples. (ii) The carbon depositions occur not directly on the oxygen carrier but in its vicinity. Possible substrates for solid carbon are the reactor walls and the inert beds, which cover both reactor ends. The inevitable temperature gradient at both the reactor inlet and outlet can favour the formation of carbon deposits in these regions. This would lead to the measured carbon impurities in the hydrogen produced during the pressure oxidations.
The results of the X-ray powder diffraction analysis verify the absence of carbon in the oxygen carrier samples. Thus, under the described experimental conditions, the carbon formation does not take place on the oxygen carrier itself. This is also suggested by the experiment results obtained by the air oxidations and shown in Fig. 6 (right). Two detached CO 2 peaks separated by a region of complete oxygen conversion, which corresponds to the oxidation of magnetite to hematite, were measured. This strongly indicates that two solid carbon sources are oxidised separately, which might be the reactor bed inlet and outlet.
It is noteworthy that the samples (a) and (b) revealed clearly visible peaks, which are related to hercynite FeAl 2 O 4 , implying a signicant amount to be present in the sample. It can thus be concluded that the decrease in oxygen carrier conversion over the measured 11 cycles (Fig. 3 right) 32 Sample (c) shows almost the complete disappearance of peaks related to FeAl 2 O 4 , hence a regeneration of the oxygen carrier conversion is measured in the reductions 27 to 31. 
Conclusions
Cyclic reductions were performed using a Fe 2 O 3 /Al 2 O 3 /CeO 2 oxygen carrier with synthesis gas mixture at 1023 K and ambient pressure. Steam oxidations were performed at different pressure levels up to 50 bar, which yielded 99.958-99.999% pure pressurised hydrogen. CO and CO 2 were the identied contaminations, which were produced by the oxidation of solid carbon. Carbon depositions, which occurred during the reduction, were identied as the source for solid carbon. The pressurised oxidations showed that there is no correlation between the increased system pressure and the hydrogen purity. The experiments suggest that the solid carbon is not fully reoxidised during the steam-oxidation and accumulating in the cyclic experiments. As a consequence the hydrogen purity is decreased gradually with each cycle unless an air oxidation step to completely remove the carbon residues is included.
The post-experimental oxygen carrier analysis revealed that carbon deposition did not take place on the oxygen carrier itself but on both ends of the reactor. This is supported by the results of the air oxidations, which showed two CO 2 peaks separated by a region of full oxygen conversion, which corresponds to the oxidation of magnetite to hematite.
The oxygen carrier conversion showed a slow linear decrease in the rst set of cyclic experiments. A regeneration effect was achieved aer steam oxidations including air oxidations were performed. Thermal stress, which leads to sintering and a reduced porosity of the oxygen carrier and the accumulated formation of FeAl 2 O 4 reduce the hydrogen yield. Air oxidation can convert FeAl 2 O 4 back to hematite and Al 2 O 3 , which explains the oxygen carrier regeneration.
The work has shown that chemical looping water splitting is suitable for the direct production of pressurised hydrogen using hydrocarbons as feed. The gas compression can be achieved in every xed bed reactor, which complies with the requirements for high pressure. The main issue with hydrocarbons as feed is the formation of solid carbon and the subsequent hydrogen contamination. The results exhibited similar re-oxidation behaviour of solid carbon over the complete pressure range, hence whether the process is operated at atmospheric or elevated system pressure, the conditions to prevent the hydrogen impurities are identical.
